ecological analysis for at least 50 years. Carnivorous plants are model systems for studying a 23 wide range of ecophysiological and ecological processes and the application of a cost-benefit 24 model for the evolution of carnivory by plants has provided many novel insights into trait-based 25 cost-benefit models. Central to the cost-benefit model for the evolution of botanical carnivory is 26 the relationship between nutrients and photosynthesis; of primary interest is how carnivorous 27 plants efficiently obtain scarce nutrients that are supplied primarily in organic form as prey, 28 digest and mineralize them so that they can be readily used, and allocate them to immediate 29 versus future needs. Most carnivorous plants are terrestrialthey are rooted in sandy or peaty 30 wetland soilsand most studies of cost-benefit trade-offs in carnivorous plants are based on 31 terrestrial carnivorous plants. However approximately 10% of carnivorous plants are unrooted 32 aquatic plants. In this Forum paper, we ask whether the cost-benefit model applies equally well 33 to aquatic carnivorous plants and what general insights into trade-off models are gained by this 34 comparison. Nutrient limitation is more pronounced in terrestrial carnivorous plants, which also 35 have much lower growth rates and much higher ratio of dark respiration to photosynthetic rates 36 than aquatic carnivorous plants. Phylogenetic constraints on ecophysiological trade-offs among 37 carnivorous plants remain unexplored. Despite differences in detail, the general cost-benefit 38 framework continues to be of great utility in understanding the evolutionary ecology of 39 carnivorous plants. We provide a research agenda that if implemented would further our 40 understanding of ecophysiological trade-offs in carnivorous plants and also would provide 41
Introduction 45
Organisms cannot do everything equally well. Identification of trade-offs among physiological 46 and morphological traits (Shipley 2002; Shipley et al. 2006 ; He et al. 2009 ) and the use of such 47 traits in cost-benefit models and ecological or evolutionary optimization arguments (e.g., Chase et al. 2009 ). In short, Givnish et al. (1984) proposed that botanical carnivorythe 59 attraction, capture, and digestion or animal prey, and the subsequent direct uptake and use of 60 nutrients from that preywould evolve when the marginal benefit derived from carnivory 61 (expressed as increased rates of photosynthesis or growth) exceeded the marginal cost 62 (expressed in units of carbon) required to construct animal traps. Because of its clarity and its 63 quantitative framework, the cost-benefit model for the evolution of botanical carnivory has been 64 the fundamental framework underlying carnivorous plant research since its publication in 1984 65 (see reviews in Adamec 1997a; Ellison 2006; Ellison and Gotelli 2009 ; and see Brewer et al. 66 2011 for an alternative approach). 67 5
The cost-benefit model for the evolution of botanical carnivory was developed based on 68 data collected from a single carnivorous plant, the bromeliad Brocchinia reducta (Givnish et al. 69 1984) , but it has been applied routinely to all carnivorous plants (Givnish et al. 1984; Benzing 70 1987; Ellison 2006) . The majority of these ca. 650 species inhabit nutrient-poor habitats in 71 which light and water are rarely limiting (Benzing 1987 (Benzing , 2000 Brewer et al. 2011). 72 Approximately 90 % of carnivorous plants can be considered "terrestrial"; they are firmly rooted 73 in sandy or peaty wetland soils (Juniper et al. 1989; Taylor 1989; Guisande et al. 2007) , and 74 virtually all of the empirical studies applying the cost-benefit model for the evolution of 75 carnivory have examined terrestrial carnivorous plants (Ellison 2006 Pedersen 2008). On land, CO 2 is available as a gas at a relatively constant concentration and 85 diffuses rapidly into plant tissues through stomata (e.g., Lambers et al. 1998 ). In water, CO 2 and 86 O 2 , the critical gases for photosynthesis and respiration, are dissolved in solution and diffusion 87 rates of dissolved solutes limit photosynthetic rate. Furthermore, uptake of CO 2 by aquatic plants 88 is strongly dependent on pH and total alkalinity, and direct uptake of CO 2 by aquatic plants 89 increases with concentrations of dissolved inorganic carbon, dissolved organic matter, and 90 6 mineral nutrients in the aquatic environment. Although the shallow standing, oligo-mesotrophic 91 and dystrophic (organically-rich, humic) waters in which aquatic carnivorous plants grow may 92 have low concentrations of O 2 , these same waters usually (but not strictly) are very rich in free 93 CO 2 (Adamec 1997a (Adamec , 1997b (Adamec , 2008a . These physical differences between aquatic and terrestrial 94 environments strongly suggest that key ecophysiological traits and processes (e.g., In contrast, rootless aquatic plants obtain nutrients from the water column by diffusion 116 through unspecialized leaves and stems and specialized structures for long-term storage of 117 nutrients are rarely present. Although strictly speaking, the ~170 species of terrestrial 118
Utricularia lack roots, these species do have root-like underground shoots or stolons that, like 119 true roots, anchor the plants to the substrate and store nutrients (Taylor 1989 ). Thus, we consider 120 terrestrial Utricularia to be functionally "rooted" plants. In both terrestrial and aquatic habitats, In this paper, we first review our understanding of differences and similarities in 150 fundamental ecophysiological traitsstructural characteristics, growth patterns and rates, 151 photosynthesis, and nutrient uptake and useof aquatic and terrestrial carnivorous plants 152
(henceforth ACPs and TCPs, respectively). We then use these contrasts to assess cost-benefit 153 relationships among these traits in ACPs and TCPs and ask whether these patterns can inform 154 trait-based models for plants growing in either terrestrial or aquatic habitats. We then return to ACPs and TCPs, along with rooted aquatic herbaceous plants (non-carnivorous) were low (of the 204 11 order of 0.055 g g -1 d -1 for ACPs and 0.035 g g -1 d -1 for TCPs) and statistically indistinguishable 205 (P = 0.83), but significantly lower than RGRs of terrestrial herbs (P < 1 × 10 -8 , post-hoc multiple 206 comparisons among means with Tukey"s HSD test). We note that most of these data are from 207 seedlings or small plants, but in general these RGR values are not corrected for plant size and so 208 may confound relative growth rates and size ( Aldrovanda traps both acquire nutrients and photosynthesize, but in Utricularia, traps are 224 specialized for prey capture and have much lower photosynthetic rates than the leaves. 225 Therefore, in comparing photosynthetic rates among groups, we use data from the primary 226 photosynthetic organs, but where possible, we also highlight differences between photosynthetic 227 rates of leaves/lamina and traps. In discussing respiratory (maintenance) costs, we focus on the 228 ratio of dark respiration to photosynthesis. 229
Both TCPs and ACPs are C-3 plants (Lüttge 1983). However, maximum photosynthetic 230 rates vary dramatically between TCPs and ACPs (F 5, 259 = 24.12, P < 2 × 10 -16 , ANOVA; Fig. 2) . in non-carnivorous aquatic plants, which ranges from 1.5 -10 µM (Maberly and Spence 1983) . 244
We note that in general, HCO 3 is of a very minor ecological importance in carbon budgets of 245 ACPs, although HCO 3 may be used for photosynthesis by U. australis grown at very high pH 246 (Adamec 2009b). 247
The large differences in photosynthetic rates between TCPs and ACPs only partly reflect 248 their minor differences in RGRs. An assessment of the relationship between respiration and 249 photosynthesis in ACPs and TCPs (Fig. 3) , however, illuminates linkages between carbon 250 13 fixation rates and RGR. Non-carnivorous herbaceous plants typically have dark respiration rates 251 (R D ) < 50 % of A MAX (Bazzaz and Carlson 1982) . In contrast, the average R D /A MAX ratio of TCPs 252 is much higher (63 %), whereas ACPs have a much lower ratio of R D /A MAX (mean = 34 %, range 253 4 -190 %; F 1,40 = 5.88, P = 0.03 ANOVA on ln-transformed data). Interestingly, R D tends to 254 increase with A MAX for TCPs, but varies little for ACPs; R D /A MAX is little affected by 255 supplemental feeding (Fig. 3) The averages also mask significant differences between traps and leaves or 260 photosynthetic lamina in species where trapping and photosynthesis are accomplished by 261 different organs (F 5,32 = 18.84, P = 0.002, nested ANOVA on ln-transformed data). In the TCPs 262
Nepenthes, Sarracenia, and Dionaea for which those A MAX and R D have been measured 263 separately on traps (pitchers and snap-traps, respectively) and laminae (lamina, phyllodia, and 264 petioles, respectively), the traps have much higher respiratory costs (mean R D /A MAX = 158%, 265 range = 13 -325%) than do the laminae (mean = 19%, range = 9 -33%) ( Fig. 3) . For TCPs such 266 as Drosera, Pinguicula and Sarracenia in which traps are modified leaves and both R D and A MAX 267 were measured on these modified leaves, R D /A MAX averages 68% (range 10 -149%). Similarly, 268 respiratory costs of very weakly photosynthezing traps of the aquatic Utricularia (mean R D /A MAX 269 = 106%, range 32 -190%) are much higher than its leaves (mean = 9%, range 4 -90%). Even 270 when traps and leaves of Utricularia are assayed together, their R D /A MAX ratio is much lower 271 than that of TCPs (mean = 21%, range 9 -38%) ( Fig. 3) . expressed as more leaves, branches, and/or biomass (Ellison 2006) . These data lead us to 294 hypothesize that N and P derived from prey enhance essential growth processes in ACPs such as 295 15 cell division, DNA replication, and protein synthesis in the young, meristematic tissues of shoot 296 apices (Adamec 2008b). This hypothesis is supported only for Aldrovanda but not for two 297
Utricularia species (Adamec 2011a). Together with observations that TCPs shunt excess N to 298 new growth (Butler and Ellison 2007) , these data all suggest that the effects of enhanced prey 299 capture are manifest on young, developing tissues and organs rather than on mature, existing 300 organs (Ellison and Gotelli 2002, 2009 ). 301
TCPs have significantly lower foliar N, P, and K than all other functional groups of 302 terrestrial non-carnivorous plants (Ellison 2006) . In contrast, macronutrient content in shoots of 303 ACPs is ~2 -5 times greater than that of TCPs ( Fig. 4 ) and comparable to that of aquatic non-304 carnivorous plants (Dykyjová 1979 ). Phosphorus content is much more variable among ACPs 305 than among TCPsup to 10-to 20-fold within the same speciesbut it could be overestimated 306 in ACPs with their closed traps if remnants of captured prey are inadvertently analyzed (Adamec 307 2008a). Like TCPs, K content in ACPs is substantially greater than N content, and P content of 308
ACPs is nearly double that of terrestrial forbs, which otherwise have the highest foliar nutrient 309 content among the different functional groups examined by Wright et al. (2005) . Also unlike 310 TCPs, average tissue macronutrient contents of ACPs are well above the "critical levels" (blue 311 lines in Fig. 4 ) that limit growth in both aquatic and terrestrial plants (Gerloff and Krombholz 312 1966; Ellison 2006) . Stoichiometrically, ACPs show no consistent patterns with respect to 313 nutrient limitation, whereas TCPs tend to be primarily P or P+N limited (Fig. 5) . 314
Variation in nutrient content within individual ACPs reflects the steep nutrient polarity 315 along shoots, localization of traps along the shoot, and also captured prey (Adamec 1997a (Adamec , 2000 (Adamec , 316 2008a ). Thus, the growth rates of ACPs (Fig. 1) are associated with high A MAX (Fig. 2) , 317 relatively low R D (Fig. 3) , and high shoot nutrient contents (Fig. 4) . Nevertheless, very rapid 318 16 growth of ACPs that were experimentally fed additional prey in situations led to significant 319 decrease in tissue N and P content in apical shoot segments (Adamec 2000; 2008a, 2011a). 320 Similar results also have been observed in non-carnivorous aquatic plants (e.g., Titus and 321 Andorfer 1996) and in adult shoots of several TCPs (Adamec 1997a, 2002 ). This observation 322 may be partly the result of an apparent "dilution" of mineral nutrients by organic substances in 323 plant tissues of rapidly growing plants. Finally, a number of TCPs efficiently re-use N, P, and K from senescent leaves, and this 341 re-use is much greater than that found in terrestrial non-carnivorous plants that co-occur with 342 TCPs in bogs or fens (Adamec 1997a (Adamec , 2002 Butler and Ellison 2007) . In contrast, in the aquatic 343
Aldrovanda and U. australis, only N and P, not K, has been found to be re-utilized from old 344 shoots (Adamec 2000, 2008a ). It appears that rapidly growing ACPs lose all stored K with their 345 old shoots and have to acquire all K needed for new growth from prey or from the ambient 346 water. When it has been studied, reutilization rates of Mg and Ca by both ACPs and TCPs have 347 been found to be very low or even zero (Adamec 1997a (Adamec , 2000 (Adamec , 2002 (Adamec , 2008a . 348 349
Cost-benefit relationships in aquatic and terrestrial carnivorous plants 350 351
The cost-benefit model for the evolution of carnivory by plants posits that (a) carbon costs of 352 carnivorous structures increase linearly (or at least monotonically), (b) that benefits of prey 353 capture are manifest in increased photosynthesis (or growth), but that these benefits increase 354 only up to a point and then reach an asymptote, and (c) that carnivory is favored when the 355 marginal benefits exceed the marginal costs (Givnish et al. 1984) . Our review of 356 ecophysiological characteristics, structural traits, and patterns of growth illustrate that cost-357 benefit trade-offs are likely to differ between ACPs and TCPs in some ways but are similar in 358 others. In summarizing the costs and benefits, we note that very few studies have simultaneously 359 Measurements of tissue nutrient content suggest that TCPs are much more strongly 363 limited by nutrient availability than are ACPs (Fig. 4 ), and this difference is expressed in the 364 somewhat higher RGR (Fig. 1) and much higher A MAX (Fig. 2) of ACPs relative to TCPs. 365
Stoichiometrically, ACPs appear to be K-or P-limited whereas TCPs tend to be N-limited (Fig.  366   5) . The cost-benefit model for the evolution of botanical carnivory emphasized N limitation, as 367 N often limits A MAX . Because traps of ACPs are energetically very costly, it is plausible that P 368 limitation (of, e.g., ATP) might be of more consequence for ACPs than for TCPs. Evolutionary 369 innovations within respiratory pathways of Utricularia also appear to reflect the selective 370 pressures attendant to these costs (Jobson et al. 2004) . Similarly, cellular signalling within the 371 rapidly responsive traps of both Aldrovanda and Utricularia may be limited by K availability 372 (Adamec 2010b); it would be of interest to determine if similar limitation is observed in Dionaea 373 (the sister group of Aldrovanda). In support of this hypothesis, mineral costs of carnivory -374 especially of K and Pexceed 50% of total plant K and P amount in several ACP species 375 (Adamec 2010b); we hypothesize that the proportion will be lower in most TCP species with 376 separate traps. 377
Both ACPs and TCPs have relatively high respiration rates, but R D increases much more 378 rapidly with A MAX in TCPs than it does in ACPs (Fig. 3 to the cost-benefit model for the evolution of botanical carnivory is the relationship between 401 nutrients and photosynthesis. How do carnivorous plants efficiently obtain scarce nutrients that 402 are supplied primarily in organic form as prey, digest and mineralize them so that they can be 403 readily used, and allocate them to immediate needs (e.g., increase photosynthetic activity to 404 provide energy for "expensive" traps) as opposed to future needs (e.g., storage for subsequent Studies on TCPs have focused primarily on N, and to a lesser extent, P, which have been 420 shown repeatedly to be limiting nutrients for these plants (Figs. 4, 5 ). Aquatic carnivorous 421 plants, on the other hand, show much more variability both in tissue nutrient content ( Fig. 4) and 422 stoichiometric nutrient limitation (Fig. 5) . A few studies have suggested that uptake of P, K, and 423
Mg from prey could enhance photosynthesis of ACPs (Adamec 2008c) and that these nutrients 424 may be as important to ACPs as N is to TCPs (Friday and Quarmby 1994; . 425
However, methodological barriers must be overcome before direct measurements of linkages 426 between these nutrients and A MAX can be made in ACPs. Similar barriers have limited studies of 427 the efficiency of mineral nutrient uptake from prey carcasses in ACPs (Friday and Quarmby 428 1994; . 429
What other core cellular and physiological processes are directly tied to nutrient 430 uptake from prey capture by carnivorous plants? We have previously suggested that prey-431 21 derived N and P increase cell division, DNA replication, and protein synthesis in young 432 meristematic tissues of shoot apices of ACPs account for the very rapid growth of their apical 433 shoots (Adamec 2008c). Because effects of prey addition are manifest primarily on young, 434 developing tissues and organs rather than in mature, existing organs (Ellison and Gotelli 2002, 435 2009), such effects may not be apparent in short-term experiments. Because of the large 436 differences in shoot morphology and growth dynamics of ACPs and TCPs (e.g. Fig. 1 ) there is 437 unlikely to be a single mechanism by which carnivory stimulates growth in both groups. 438
Of great curiosity is the repeated finding that mineral nutrient uptake from the soil 439 by roots of TCPs is stimulated following prey capture (Hanslin and Karlsson 1996; Adamec 440 1997a Adamec 440 , 2002 . Aquatic carnivorous plants lack roots; might prey addition stimulate mineral 441 nutrient uptake by shoots from the ambient water? Adamec et al. (2010) found that shoot N and 442 P uptake by A. vesiculosa increases following prey capture, but a similar effect was not observed 443 for U. australis. What is the mechanism for these effects in TCPs and Aldrovanda? Does 444 nutrient uptake affinity or capacity increase with prey capture or tissue nutrient content, leading 445 to a positive feedback loop that ultimately increases uptake rate? Detailed examination of 446 physiological and hormonally regulated processesphotosynthetic rates, transport of 447 photosynthates to roots, tissue mineral nutrient content in both shoots and roots, root anatomy, 448 mineral nutrient uptake by excised roots, and phytohormone content in rootsshould be taken 449 into account. 450 Furthermore, as animal prey is a poor source of K, and because [K + ] in the ambient water 451 can be very low and growth limiting (Adamec 1997a), we hypothesize that K + uptake affinity 452 of ACPs is extremely high. A focus on studying K uptake characteristics in shoots of ACPs is 453 warranted by the fact that, unlike TCPs, ACPs reutilize virtually no K from senescent shoots 454 22 although the shoot content of K in ACPs is very high (Fig. 4) . We also were unable to find any 455 studies on K reutilization from senescent shoots in non-carnivorous plants, and so comparative 456 studies of K dynamics in any aquatic plant would be welcome. Finally, we suggest that the 457 nature of the stimulation of root nutrient uptake by the foliar nutrient uptake should be studied in 458 model species of TCPs as well, with particular attention to Drosera and Dionaea, the terrestrial 459 sister taxa of Aldrovanda. 460
The nutritional benefit of carnivory, defined as the ratio between the gain (direct and 461 indirect) of certain mineral nutrients from carnivory and the loss of those nutrients in 462 construction of traps, has recently been introduced by Adamec (2011b) to supplement the classic 463 cost-benefit model (Givnish et al. 1984) . To be nutritionally beneficial, carnivorous plants must 464 not only capture prey efficiently but also maximize nutrient uptake from prey and minimize 465 nutrient losses in senescent traps. Therefore, it is expected that the nutritional cost-benefit ratio 466 was of principal importance during the evolution of different carnivorous plant taxa, both 467 terrestrial and aquatic. New data on nutritional benefit in TCPs show relatively high cost-benefit 468 ratios for N and P but smaller ones for K and Mg (Adamec 2011b). Future research will reveal if 469 there any differences in nutritional benefits of carnivory between TCPs and ACPs. Kamiński (1987a; 1987b) , Kosiba and 837 Sarosiek (1989), Kosiba (1992a; 1992b; 1993) , Friday and Quarmby (1994) , Bern (1997) 
